Precipitation behaviour during heat treatment has been investigated on 9Cr1MoVNb steel. Coarse primary and fine secondary MX carbonitrides are observed in the as normalized condition. On the other hand, coarse primary MX is not detected after tempering at 1 038 K, and Nb-rich and V-rich fine secondary MX carbonitrides and M 23 C 6 carbide are observed in the as tempered condition. Variations of metallic elements concentrations of Nb-rich MX and V-rich MX in the as tempered condition are within the relatively small ranges. Average diameter of 34 nm for V-rich MX is slightly larger than that of 24 nm for Nb-rich MX in the as tempered condition. Both size and metallic elements concentrations of the fine secondary MX observed in the as normalized condition are almost the same as those of Nb-rich MX observed in the as tempered condition. A composition of metallic elements of the coarse primary MX varies along the line between those of Nb-rich MX and V-rich MX in a Cr-Nb-V ternary phase diagram. It has been considered that, at normalizing temperature of 1 323 K, Nb-rich MX and V-rich MX forms solid solution and composition of the primary MX varies along the tie line between those two phases. Two-phase separation of primary MX into Nb-rich MX and V-rich MX may be caused by the miscibility gap in primary MX and another two phases at the tempering temperature of 1 038 K.
Introduction
A lot of efforts have been devoted to research and development of high chromium ferritic creep resistant steel. 1) 9Cr1MoVNb steel developed in the early 1980s 2) is improved in creep strength by precipitation strengthening of MX carbonitride with addition of vanadium and niobium. It has already been used widely for high temperature structural components such as header and main steam pipe of power plant. Further improvement in creep strength has been attained by replacing of a part of molybdenum with tungsten and high strength ferritic creep resistant steels such as 9Cr0.5Mo1.8WVNb, 3) 12Cr0.4Mo2WCuVNb 4) and 9Cr1Mo1WVNb 5) have been developed in 1990s. The long-term creep strength of these steels has been improved by stabilizing tempered martensitic microstructure with precipitates. Therefore, extensive research have been conducted on precipitates in conjunction with creep strength property of ferritic creep resistant steels. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] It is well known that fine MX carbonitride is stable at elevated temperatures and plays an important role in improving creep strength. 6) Recently, it has been reported that a precipitation of Zphase in a form of Cr(Nb, V)N occurs after long-term exposure at elevated temperatures in the niobium added high chromium ferritic creep resistant steels. 8, [10] [11] [12] [13] 15) Since precipitation and growth of Z-phase results in disappearance of fine MX carbonitrides, it has been pointed out that precipitation of Z-phase decreases creep strength in the longterm. [10] [11] [12] Heterogeneous progress in recovery due to a preferential recovery at the vicinity of prior austenite grain boundary (PAGB) has been reported as a degradation mechanism in the long-term of 9Cr1MoVNb steel. 17, 18) It has been reported that precipitation of Z-phase may influence on preferential recovery at the vicinity of PAGB, since Z-phase has been observed more frequently at the vicinity of PAGB. 12) However, the mechanism of such inhomogeneous distribution of Z-phase has not yet been cleared. Therefore, further investigation on precipitation sequence during long-term creep exposure should be carried out in detail, in order to attain further improvement in long-term creep strength of ferritic creep resistant steel. On the other hand, precipitation behaviour, especially that of MX carbonitrides, is strongly influenced by heat treatment condi-tion, because MX carbonitrides are very stable at the elevated temperature, and a certain amounts of vanadium and niobium forms primary MX carbonitrides at the normalizing temperature. 19) Precipitation sequence during long-term creep exposure is strongly influenced by distribution of those in the as heat treated condition and, therefore, precise understanding of precipitation mechanisms during heat treatment is important. In this study, precipitation behaviour during heat treatment in 9Cr1MoVNb steel has been investigated and two-phase separation in the MX carbonitrides during tempering has been described.
Experimental Procedure
9Cr1MoVNb steel taken from heat exchanger tube for boiler (ASME SA-213 T91) 20) has been used in this study. Dimension of the tube is 50.8 mm in outer diameter and 8 mm in wall thickness. Chemical composition and heat treatment condition of the steel are shown in Tables 1 and 2 , respectively. Sample taken from the normalized and tempered boiler tube was used as a specimen in the as tempered condition. A part of sample taken from the boiler tube was normalized in the same condition as that for the boiler tube, that is 1 323 K for 600 s followed by air cooling, and used as a specimen in the as normalized condition. Distribution and size of precipitates were investigated by a Transmission Electron Microscope (TEM). Elemental analysis of each precipitate was conducted by Energy Dispersive X-ray Spectroscopy (EDX). Gaussian deconvolution method was used for measured peaks and extended Phi-Rho-Z correction model was applied for quantitative analysis. Specimens for TEM observation and EDX analysis were prepared by a single extraction replica method. Carbon extracted replica was sampled from etched surface of the specimen in the as normalized and as tempered conditions. The polished surface was etched in a saturated solution of picric acid in ethyl alcohol with 1 % hydrochloric acid and carbon film was evaporated on that. The sample was etched again in a solution of 10 % nitric acid in ethyl alcohol and an evaporated carbon film was removed from the surface. Sensitivity limit of EDX analysis to identify type of precipitate was about 10 nm in diameter. Figure 1 (a) is a TEM micrograph, which represents the distribution of precipitates for the steel in the as normalized condition. Fig. 1(b) is a higher magnification image of the area indicated by square in Fig. 1(a) . Relatively coarse precipitates with about 100 nm in diameter are observed in a line and a lot of fine precipitates are distributed homogeneously. Coarse particles are considered to be a primary precipitate and to be located on prior austenite grain boundary. On the other hand, fine particles are regarded to be a secondary precipitate, which appeared during cooling from the normalizing temperature of 1 323 K. Figure 2 shows results of EDX analysis on the precipitates of the steel in the as normalized condition. Although a wide variety of concentration of each element is observed, all the precipitates contain large amounts of niobium, vanadium and small amount of chromium. The sum of concentrations of those elements is about 98 mass% in average and total of the other metallic elements is less than 5 mass% in maximum. From these results of EDX analysis, all the precipitates exist in the as normalized condition are regarded to be MX type carbonitride. 12) Since main metallic elements of all the precipitates in the as normalized condition are niobium, vanadium and chromium, results of EDX analysis on the precipitates shown in Fig. 2 are plotted in a Cr-Nb-V ternary diagram and shown in Fig. 3 . All the data clearly indicate that the composition of metallic elements of the precipitates varies along the line. Moreover, the data plots display a tendency Table 1 . Chemical composition (mass%) of the steel studied. Table 2 . Heat treatment condition of the steel studied. to be divided into two groups by a niobium concentration. Figure 4 shows distribution of niobium concentrations of the precipitates in the as normalized condition. Bimodal distribution of niobium concentration is clearly observed. In contrast to a wide distribution in the region where a niobium concentration is less than 70 mass%, narrow peak is clearly observed at a range between 85 mass% and 90 mass% of niobium concentration. Since there are primary and secondary MX carbonitrides in the as normalized condition, difference in niobium concentration of the precipitates may correspond to the difference between primary and secondary MX carbonitrides.
Results

As Normalized Condition
Quantitative Composition Analysis of Precipitates
Size Distribution of Precipitates
The precipitates observed in the as normalized condition are divided into two groups by its niobium concentration with a boundary of 70 mass% based on the results shown in Fig. 4 . Figure 5 shows normal probability plots of diameter in logarithmic scale for the precipitates of those two groups. For the precipitates whose niobium concentrations are less than 70 mass%, good linear relationship is observed. On the other hand, good linear relationship is observed in the range up to about 90 % of the precipitates whose niobium concentrations are higher than 70 mass%, except for about 10 % of coarse particles. These results indicate a normal distribution of particle diameter in logarithmic scale, except for about 10 % of high niobium particles larger than about 50 nm in diameter. In the following analysis on particle size, about 90 % of the particles except for coarse one larger than about 50 nm have been used as the high niobium precipitates. Figure 6 shows calculated size distributions based on normal distribution for high niobium and low niobium precipitates. Peak height of the curves corresponds to a number ratio of the particles for high niobium and low niobium precipitates. Average diameter of 57 nm for the low niobium precipitates is about two times larger than that of 26 nm for the high niobium precipitates. Consequently, it has been supposed that low niobium precipitates are coarse primary MX carbonitride and high niobium precipitates correspond to fine secondary one. Figure 7 shows a TEM micrograph of the carbon extracted replica prepared from the steel in the as tempered condition. In contrast to the precipitates observed in the as nor- malized condition (Fig. 1) , a lot of coarse particles are observed in the as tempered condition. Number and size of precipitates in the as tempered condition is much larger than those in the as normalized condition. Figure 8 shows results of EDX analysis on the precipitates of the steel in the as tempered condition. In contrast to the results in the as normalized condition (Fig. 2) , metallic elements concentrations of the precipitates are clearly divided into three groups. It has been previously reported that these three groups correspond to M 23 C 6 carbide, Nb-rich MX and V-rich MX carbonitrides 12) as shown in Fig. 8 . Although precipitation of M 2 X has been reported on similar high chromium ferritic creep resistant steels, 7, 8, 11, 13, 15) no M 2 X has been detected in this study. It should be considered that precipitation of M 2 X depends on tempering temperature and it occurs at lower tempering temperature, since precipitation of M 2 X has been reported on the steels tempered at the temperature lower than about 1 000 K. For both Nb-rich MX and V-rich MX carbonitrides, the sum of niobium, vanadium and chromium concentrations is about 98 mass% in average and total of the other metallic elements is less than 5 mass% in maximum, similar to the precipitates observed in the as normalized condition.
As Tempered Condition
Quantitative Composition Analysis of Precipitates
The results of EDX analysis on Nb-rich MX and V-rich MX are plotted in a Cr-Nb-V ternary diagram and shown in Fig. 9 . The variations of Cr-Nb-V balance of those phases are limited within the relatively small range of 84-95 mass% Nb, 3-11 mass% V and 0-5 mass% Cr for Nb-rich MX and that of 6-30 mass% Nb, 60-78 mass% V and 7-28 mass% Cr for V-rich MX. Since no V-rich MX is detected in the as normalized condition, precipitation of Vrich MX occurs during tempering. Although a variation of metallic elements concentrations of the precipitates is observed along the line in the as normalized condition (Fig.  3) , such wide variation of the composition is not observed on the MX carbonitrides in the as tempered condition. Low niobium MX carbonitride observed in the as normalized condition is not detected in the as tempered condition. Consequently, it seems that low niobium MX carbonitride has been disappeared during tempering heat treatment. Furthermore, it can be recognized that metallic elements concentration of the precipitates in the as normalized condition varies along the line between those of Nb-rich MX and V-rich MX detected in the as tempered condition. Figure 10 shows normal probability plots of diameter in logarithmic scale for Nb-rich MX, V-rich MX and M 23 C 6 carbide. Since good linear relationship is observed for all the precipitates, these results indicate a normal distribution of particle diameter in logarithmic scale for the three kinds of precipitate. Figure 11 shows calculated size distributions based on normal distribution for Nb-rich MX, V-rich MX and M 23 C 6 carbide. For Nb-rich MX and V-rich MX, difference in peak height in Fig. 11 indicates a difference in number fraction of each precipitates in the as tempered condition. Average diameter of 34 nm for V-rich MX is slightly larger than that of 24 nm for Nb-rich MX, and that of about 100 nm for M 23 C 6 carbide is much larger than those of Nb-rich MX and V-rich MX carbonitrides.
Size Distribution of Precipitates
Discussion
It is well known that niobium and vanadium have a strong affinity for carbon and nitrogen and form NaCl-type MX carbonitride. Since thermodynamic stability of MX carbonitride is very high, fine precipitate of it plays an important role in improving creep strength. A certain amounts of MX carbonitride exist even at the higher temperature than 1 273 K, 19) and those precipitates remain on prior austenite grain boundaries as a coarse primary MX carbonitride after normalizing heat treatment, as shown in Fig. 1 . Figure 12 shows size distributions of low niobium MX and high niobium MX in the as normalized condition and Nb-rich MX and V-rich MX in the as tempered condition. Sizes of Nb-rich MX and V-rich MX carbonitrides observed in the as tempered condition are clearly smaller than that of low niobium MX observed in the as normalized condition. Coarse precipitate with lower niobium concentration was not observed after tempering heat treatment, or number of it was very little. Results of EDX analysis on the precipitates in the as tempered condition (Fig. 9 ) also indicate that precipitates with the same composition as those of low niobium MX observed in the as normalized condition are not detected after tempering heat treatment. From these experimental results, it has been concluded that low niobium MX has disappeared during tempering heat treatment at 1 038 K. However, such low niobium MX is thought to be coarse primary carbonitride, and it is difficult to dissolve in ferrite matrix during tempering, because solubility of it at the tempering temperature of 1 038 K is smaller than that at the normalizing temperature of 1 323 K.
On the other hand, two-phase separation of NaCltype complex carbonitrides has been experimentally confirmed. 21) Phase separation has been explained to be caused by miscibility gap between two phases in (M1, M2)(X1, X2) double pseudobinary system. 22) Tie lines between NbC and V(C, N) have been reported on (Nb, V)(C, N) complex carbonitride in Fe-Nb-V-C-N system. 23) At the temperature higher than binodal curve, chemical composition of complex carbonitride varies along the tie line. Such carbonitrides are observed as primary precipitates after normalizing heat treatment. Two-phase separation of primary MX carbonitride into Nb-rich MX and V-rich MX can be caused by miscibility gap in primary MX and another two phases at the tempering temperature. It has been considered that two-phase separation results in disappearance of coarse primary MX carbonitride during tempering. Because precipitation of fine MX carbonitrides observed in the as normalized condition occurs during cooling, variation of metallic elements concentration is smaller than that of coarse primary MX. About 10 % of coarse precipitates in a group of the low niobium MX carbonitride observed in the as normalized condition may also be a primary MX in contrast to a fine secondary one of the rest, because primary MX is thought to be a complete solid solution of Nb-rich MX and V-rich MX at the normalizing temperature of 1 323 K. It should be a reason why a normal distribution was observed on the size of high niobium precipitates except for 10 % of coarse particles. In general, primary MX is thought to be a Nb-rich carbonitride, since solubility of Nb-rich MX is much lower than that of V-rich MX at the elevated temperatures. 19) However, niobium concentration of coarse primary MX carbonitride has been found to be lower than that of fine secondary Nb-rich MX and to be varied along a tie line between Nb-rich MX and V-rich one.
It has been also thought that presence of a lot of coarse primary MX carbonitride reduces creep strength, because it decreases concentration of MX forming metallic elements in solid solution and amount of fine MX precipitates. But amount of coarse primary MX does not affect on an amount of fine MX precipitates, since fine precipitates of Nb-rich MX and V-rich MX precipitate during tempering as a result of two-phase separation of coarse primary MX. Influence of coarse primary MX on creep strength should be caused not by an amount of fine secondary MX precipitates, but a more complicated mechanism as follows. Precipitation of almost of the fine MX carbonitride during cooling from normalizing temperature occurs in austenite phase. On the other hand, precipitation of fine MX during tempering heat treatment takes place in martensitic microstructure and, therefore, there are many preferential precipitation sites such as packet, block and lath boundaries and a lot of dislocations. Location of fine MX particles precipitated during cooling from normalizing temperature and tempering heat treatment should have a tendency to be mainly intragranular for former MX and intergranular for latter one, respectively. Smaller amount of coarse primary MX carbonitride at the higher normalizing temperature results in higher concentration of MX forming metallic elements in solid solution and precipitation of larger amount of fine MX during cooling. Therefore, higher precipitation density of fine intragranular MX particles is obtained by higher normalizing temperature. Creep strength should be strongly influenced by such difference in precipitation site of fine MX particles. Moreover, precipitation of fine MX carbonitride during tempering is controlled by two-phase separation of coarse primary MX precipitates. It has been concluded that precipitation behaviour of fine secondary MX during cooling from normalizing temperature and during tempering caused by twophase separation of primary MX precipitates plays an important role in strength property and, therefore, those phenomena should be considered in detail in order to optimize a distribution of fine MX carbonitride.
Conclusions
Microstructural studies on the precipitation behaviour during normalizing and tempering heat treatment in creep resistant 9Cr1MoVNb steel have shown that:
(1) Sum of niobium, vanadium and chromium concentrations is higher than 95 mass% of metallic elements for all the MX carbonitrides analyzed in the as normalized and as tempered conditions.
(2) Chemical composition of primary MX carbonitride varies along the tie line between Nb-rich MX and V-rich MX, and two-phase separation of primary MX into Nb-rich MX and V-rich MX occurs during tempering heat treatment.
(3) The variations of Cr-Nb-V balance of Nb-rich MX and V-rich MX are limited within a range of 84-95 mass% Nb, 3-11 mass% V and 0-5 mass% Cr for Nb-rich MX and that of 6-30 mass% Nb, 60-78 mass% V and 7-28 mass% Cr for V-rich MX.
(4) Diameter of the precipitates indicates normal distribution in a logarithmic scale for all kind precipitates investigated in this study, and average diameter of Nb-rich MX, V-rich MX and M 23 C 6 carbide in the as tempered condition is 24, 34 and 100 nm, respectively.
(5) Two-phase separation of primary MX carbonitride into Nb-rich MX and V-rich MX is caused by miscibility gap in primary MX and another two phases at the tempering temperature. Two-phase separation behaviour of primary MX during tempering should be considered in order to optimize a distribution of fine MX precipitates.
